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ABSTRACT Non-orthogonal multiple access (NOMA) scheme, which has the ability to superpose infor-
mation in the power domain and serve multiple users on the same time/frequency resource, is regarded as
an effective solution to increase transmit rate and fairness. In this paper, we introduce the NOMA scheme
in a downlink land mobile satellite (LMS) network and present a comprehensive performance analysis for
the considered system. Specifically, we first obtain the power allocation coefficients by maximizing the
sum rate while meeting the predefined target rates of each NOMA user. Then, we derive the theoretical
expressions for the ergodic capacity and the energy efficiency of the considered system.Moreover, the outage
probability (OP) and average symbol error rate performances of NOMA users are derived analytically.
To gain further insights, we derive the asymptotic OP at the high signal-to-noise ratio regime to characterize
the diversity orders and coding gains of NOMA users. Finally, simulation results are provided to validate the
theoretical analysis as well as the superiority of employing the NOMA scheme in the LMS system, and show
the impact of key parameters, such as fading configurations and user selection strategy on the performance
of NOMA users.
INDEX TERMS Land mobile satellite network, non-orthogonal multiple access, ergodic capacity, energy
efficiency, outage probability, average symbol error rate.
I. INTRODUCTION
Due to the inherent nature of providing vast coverage
and economic service in rural areas, land mobile satel-
lite (LMS) networks have received considerable attention in
broadcasting, emergency service, and navigation. However,
the increasingly growing number of applications and services
of satellite communication is rapidly exhausting the limited
spectral resources. In this regard, new technique such as
the cognitive radio (CR) technology has been introduced in
satellite communications, and therefore an important net-
work architecture, referred to as cognitive satellite-terrestrial
network [1], has been proposed to enhance spectrum
efficiency.
In a cognitive network, a terrestrial network can act as
a cognitive/primary system and share the frequency band
which is licensed to a satellite/terrestrial network, if the
interference caused by the cognitive network is under an
interference constraint [2]. Until now, several works have
been done to investigate the performance measures of the
cognitive satellite-terrestrial network in diverse scenarios,
such as outage probability (OP) [3] and effective capacity [4]
in single antenna environment. An extension work of [3] to a
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multi-antenna scenario with beamforming scheme was stud-
ied in [5]. Moreover, some studies investigated performance
of the cognitive network from the perspective of secure trans-
mission with various targets, i.e., Yuan et al. [6] proposed
a joint beamforming scheme to maximize the secrecy rate
for the satellite user, while the work in [7] proposed two
beamforming schemes to maximize the transmission rate of a
terrestrial user. Although the cognitive network can enhance
spectrum efficiency of a licensed system, the co-channel
interference (CCI) inevitably caused by a cognitive network is
themajor challenge to improve the performance for a licensed
user.
Furthermore, the performance of satellite user can be sig-
nificantly degraded by a masking effect, i.e., poor elevation
angle, fog, or obstacles and therefore a line-of-sight (LoS)
link between the LMS and a user is seriously blocked.
To address this issue, hybrid satellite-terrestrial relay net-
works (HSTRNs), in which a relaying technique is adopted
to achieve the benefit of spatial diversity, has been proposed
in [8] as an effective way to improve the reliability of satellite
communications. In recent years, many efforts have been
devoted on the HSTRNs from various performance met-
rics, i.e., average symbol error rate (ASER) was investigated
in [9] and [10] with a deteriorated LoS link and without
the LoS link respectively. Considering a multiple-relay sce-
nario, the work in [11] investigated the OP performance of
decode-and-forward HSTRNs with the best relay selection
strategy. Moreover, Yang and Hasna [12] studied the bit error
rate performance of HSTRNs with CCI at the relay and
destination nodes. Despite the benefit of the HSTRNs, more
resource consumption, such as the extra power consumption
at the relay node, in the HSTRNs cannot meet the increas-
ing demands for reducing power consumption and devising
energy-efficient network components.
The aforementioned papers have considered different
architectures to improve the spectrum efficiency and reliabil-
ity of satellite systems based on the existing satellite platform.
However, the key limitation is that almost all of those works
adopted a orthogonal multiple access (OMA) scheme. Since
only one user can be served at any time/frequency slot, OMA
scheme can effectively avoid interference between users, but
it also restricts the resource utilization efficiency. Further-
more, OMA scheme prefers to serve user with good link con-
dition and the fairness of user with deteriorated link quality
would be sacrificed. While in future satellite networks, high
quality of service (QoS) to a large number of users is required.
Under this condition, other multiple access schemes should
be taken into account to improve the spectrum efficiency and
lower the resource consumption in future satellite communi-
cations.
Having the ability to provide high spectrum efficiency
and energy efficiency (EE) [13], non-orthogonal multiple
access (NOMA) scheme has recently received significant
attentions. With the NOMA scheme, multiple signals are
superposed in power domain and transmitted simultane-
ously over the same frequency/time channel, successive
interference cancellation (SIC) is applied at the receiver
side to remove the interference caused by superposition
coding [14]–[17]. In this regard, more NOMA users are
possible to gain access than OMA. Many works have inves-
tigated the performance of NOMA scheme from the per-
spective of power allocation or user selection strategy with
different objectives. Taking the minimization of transmis-
sion power as target, Li et al. [18] proposed a jointly search-
ing for subcarrier and power allocations scheme. A gen-
eral power allocation strategy was proposed in [19] by
assuming that the NOMA scheme always outperforms the
time division multiple access (TDMA) scheme. In addition,
Zhang et al. [20] and Zhu et al. [21] conducted performance
investigation of NOMAwith different user scheduling strate-
gies in visible light communication and integrated satel-
lite terrestrial networks scenarios, respectively. Recently,
Yan et al. [22] and [23] integrated the NOMA scheme into
hybrid satellite terrestrial relay networks to further improve
the OP for users whose direct links were unavailable. How-
ever, works [22] and [23] mainly conducted performance
evaluation based on a fixed power allocation factor, without
considering the optimal power allocation strategy in a sce-
nario where users can link with the satellite directly.
To fill the above research gaps as well as meet the require-
ments of both performance and energy efficiency (EE) in
future satellite communications, in this paper, we propose
a NOMA-based transmission scheme for the LMS systems,
in which a two-user downlink case of NOMA group for
satellite communications is considered. Particularly, our main
contributions can be summarized as follows:
• In light of the state-of-art propagationmodel, we employ
a general framework for NOMA-based LMS systems by
considering channel statistical prosperity, propagation
loss and geometric antenna pattern. Based on which,
the power allocation coefficients in terms of maximizing
the sum rate of LMS system while meeting the prede-
fined target rate of each NOMA user are then obtained.
• Theoretical expressions for the ergodic capacity and
EE performances of the considered LMS system are
derived, which provides an effective approach to eval-
uate the effect of various parameters, such as the fading
configurations of the satellite links, on the performance
of the considered system.
• To further analyze the QoS and reliability performance,
analytical expressions for the OP and ASER of the each
NOMA user are further derived, which provide further
guidance on user selection strategy when forming a
NOMA group. Meanwhile, the asymptotic yet simple
OP expressions at the high signal-to-noise ratio (SNR)
regime are also derived for NOMA users to characterize
two important performance merits, i.e., the achievable
diversity order and coding gain.
The rest of this paper is outlined as follows. Section II
presents the system model and describes the related channel
models. In section III, we derive the theoretical expressions
for the ergodic capacity, EE, OP, asymptotic OP, and ASER.
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FIGURE 1. System model of NOMA-based downlink LMS network.
In Section IV, simulation results and discussions are provided
and conclusions are drawn in Section V.
II. SYSTEM MODEL
As shown in Fig.1, a LMS simultaneously communicates
with two terrestrial users, User p and User q, with the help of
the NOMA scheme. It is assumed that User p and User q are
located in the same spot beam1 but with different positions.
All nodes in the proposed model are also assumed to equip
with a single antenna for simplicity. It is worth noting that
only two-user cluster is considered in this paper because
this form of NOMA has been included in the Third Genera-
tion Partnership Project (3GPP)–Long Term Evolution (LTE)
Advanced [17]. Moreover, the authors in [24] investigated the
performance of MIMO-NOMA in terms of the sum channel
capacity and ergodic sum capacity. One of the most important
conclusions that can be drawn from [24] is that a lower sum
rate can be obtained when more than two users are admitted
into a cluster.
A. CHANNEL MODEL
Since mobile satellite service systems which operate at fre-
quency bands well below 10 GHz in propagation envi-
ronments suffer from different levels of obstruction [25].
The satellite channel model including beam gain, fad-
ing model, and free space loss (FSL) is described in the
following.
1) BEAM GAIN
Given the position of User j (j = p, q), define ϕj to denote the
angle between User j and the beam center with respect to the
satellite, the beam gain Gj(ϕj) can be calculated as [26]
Gj(ϕj) = Gj
(
J1
(
uj
)
2uj
+ 36J3
(
uj
)
u3j
)2
(1)
whereGj denotes the antenna gain at User j, J (·) is the Bessel
function and uj = 2.07123 sinϕjsinϕj3dB with ϕj3dB being the 3-dB
angle.
1Although multibeam technology has been widely adopted in satellite
networks, here we consider one of the spot beam coverage area for simplicity.
2) FADING MODEL
Similar to [5] and [6], we assume the links between satel-
lite and terrestrial destinations are undergoing independent
and identically distributed (i.i.d.) shadowed-Rician fading
distribution. The shadowed-Rician fading channel is widely
employed in existing literatures because it not only facilitates
the mathematic computation but also sufficiently describes
the characteristic of satellite terrestrial link. According
to [27], the probability density function (PDF) of the fading
gain,
∣∣hj∣∣2, is given as
f|hj|2 (x) = αje
−βjx
1F1
(
mj; 1; δjx
)
(2)
where αj = 0.5
(
2bjmj
/(
2bjmj +j
))mj/bj , βj = 0.5/bj,
δj = 0.5j
/
bj
/(
2bjmj +j
)
, 2bj and j are the average
power of the multipath component and LoS component,
respectively, mj
(
mj > 0
)
denotes the Nakagami-m parame-
ter, and 1F1 (a; b; c) represents the confluent hypergeometric
function [28, (9.100)].
3) FSL
The FSL can be calculated as [26]
Lj =
(
c
4pi fcdj
)2
(3)
where c is the light speed, fc is the frequency, dj is link
distance from the satellite to User j.
Note that users within a beam area may experience similar
FSL towards the satellite [29], but significant differences in
users’ channel gains still can be observed due to different
propagations, such as different positions and masking effects.
To ensure that User p has a better channel quality than that of
User q, we consider LqGq(ϕq)
∣∣hq∣∣2 < LpGp(ϕp) ∣∣hp∣∣2 in our
next Sections if without other description.
B. SIGNAL MODEL
By applying the NOMA scheme, the LMS can broadcast
a superposed signal x (x = √αPsxp + √(1− α)Psxq) to
satellite users, the received signal at User j (j = p, q) is
yj =
√
LjGsGj(ϕj)hjx + nj (4)
where Gs is the antenna gain at the satellite, α (0 ≤ α ≤ 1)
denotes a fraction of the transmit power Ps allocated to User
p, xj (E
[∣∣xj∣∣2] = 1) is the transmission signal for User j, and
nj denotes the additive white Gaussian noise (AWGN) with
E
[∣∣nj∣∣2] = N0. According to the principle of the NOMA
scheme, the user with the worse channel quality decodes its
own information directly. Thus, the instantaneous end-to-end
SINR of User q can be expressed as
γq = (1− α)PsQq
∣∣hq∣∣2
αQqPs
∣∣hq∣∣2 + N0 (5)
where Qq = LqGsGq(ϕq). Based on the criterion of SIC, user
with good channel gain, User p, first decodes the information
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from User q. In this paper, the decoding SINR is
γp→q = (1− α)QpPs
∣∣hp∣∣2
αQpPs
∣∣hp∣∣2 + N0 (6)
where Qp = LpGsGp(ϕp). Compare (5) with (6), we can
find that γp→q is more than γq because of the assumption
Qp > Qq, implying that the information of User q could be
correctly decoded at User p. After subtracting the decoded
information, User p decodes its own information and the
SINR of User p can be written as
γp = αPsQp
∣∣hp∣∣2
N0
. (7)
Then, the sum rate of the considered system can be written
as
Rsum = RNOMAp + RNOMAq
= log2
(
1+ αPsQp
∣∣hp∣∣2
N0
)
+ log2
(
1+ (1− α)PsQq
∣∣hq∣∣2
αPsQq
∣∣hq∣∣2 + N0
)
. (8)
In addition, to assure that the transmission rate with the
NOMA scheme always outperforms that with the TDMA
scheme [19], the range of α can be further constrained as
α1 ≤ α ≤ α2 (9)
where α1 = 1√
1+γ¯Qp|hp|2+1
, α2 = 1√
1+γ¯Qq|hq|2+1
, and
γ¯ = Ps/N0 is the transmission average SNR. Specifically,
we can easily derive that α1 < α2 < 0.5 due toQp > Qq ≥ 0.
The derivation of α1 and α2 can be found in Appendix.
Since the first derivative of Rsum with respect to α is strictly
positive, which implies that the sum rate is increasing with
α. Therefore, taking the constraint of (9) into consideration,
themaximization of sum rate is obtainedwhenα = α2. Under
this condition, the SINR at Users p and q can be derived as
γp = γ¯Qp
∣∣hp∣∣2√
1+ γ¯Qq
∣∣hq∣∣2 + 1 (10)
and
γq =
√
1+ γ¯Qq
∣∣hq∣∣2 − 1. (11)
It is worth noting that the transmission rate of User
p or User q with NOMA scheme is equal to that with
TDMA scheme, when α = α1 or α = α2. If the power
allocation coefficient is set as α = α2, then we can
find that the sum rate gap between NOMA and TDMA
stems from the transmission rate of User p, and the gap
Rgap = log2
(
1+ (α2 − α1) γ¯Qp
∣∣hp∣∣2).
III. PERFORMANCE ANALYSIS
In this section, with the help of Meijer-G functions,
we present a comprehensive framework to analyze the perfor-
mance of the considered network. Specifically, we derive ana-
lytical expressions for five performance metrics, i.e., ergodic
capacity, EE, OP, asymptotic OP, and ASER.
A. ERGODIC CAPACITY
The ergodic capacity is defined as the expected value of the
instantaneous end-to-end mutual information [8], which can
be expressed as
Cerg = E
[
log2
(
1+ γp
)]+ E [log2 (1+ γq)] . (12)
By substituting (10) and (11) into (12), along with some
manipulations, Cerg can be rewritten as
Cerg = E
[
log2
(
1+ γ¯Qp
∣∣hp∣∣2 +√1+ γ¯Qq∣∣hq∣∣2)]︸ ︷︷ ︸
I1
− E
[
log2
(
1+ 1
/√
1+ γ¯Qq
∣∣hq∣∣2)]︸ ︷︷ ︸
I2
. (13)
To evaluate the ergodic capacity of the proposed network,
we compute I1 and I2 in the following subsections.
1) RESULT FOR I1
Since the closed-form expression for I1 is mathematically
intractable, we seek to consider the approximation expression
as well as lower and upper bounds for I1 in this subsection.
a: ANALYTICAL APPROXIMATION
With the help of [30], I1 can be well approximated as
I1 ≈ log2 (e)
[
ln(1+ E [I3])− E
[
I23
]− E2 [I3]
2(1+ E [I3])2
]
(14)
with
I3 = γ¯Qp
∣∣hp∣∣2 +√1+ γ¯Qq∣∣hq∣∣2. (15)
Since
∣∣hp∣∣2 and ∣∣hq∣∣2 are mutually independent, we have
E [I3] = E
[
γ¯Qp
∣∣hp∣∣2]+ E [√1+ γ¯Qq∣∣hq∣∣2], (16)
E
[
I23
]
= E
[
γ¯ 2Q2p
∣∣hp∣∣4]+ E [1+ γ¯Qq∣∣hq∣∣2]
+ 2E
[
γ¯Qp
∣∣hp∣∣2]E [√1+ γ¯Qq∣∣hq∣∣2]. (17)
Now, we start with the nth-order moment of γ¯Qp
∣∣hp∣∣2, which
can be derived as
E
[(
γ¯Qpx
)n] = γ¯ nQnp ∫ ∞
0
xnf|hp|2 (x) dx. (18)
31330 VOLUME 6, 2018
X. Yan et al.: Performance Analysis of NOMA-Based LMS Networks
To compute (18), we exploit 1F1 (a; b; c) [28, eq. (8.455.1)]
in terms of Meijer-G functions as
1F1
(
mp; 1; δpx
) = 1
0
(
mp
)G1,11,2 [−δpx ∣∣∣∣ 1− mp0, 0
]
(19)
whereG1,11,2 [·|·] [28, eq. (9.301)] is the Meijer-G function and
0 (·) [28, eq. (8.310.1)] is the Gamma function. Inserting (2)
and (19) into (18) along with [28, eq. (7.813.1)], we get
E
[(
γ¯Qpx
)n] = αpγ¯ nQnp
0
(
mp
)
βn+1p
G1,22,2
[−δp
βp
∣∣∣∣−n, 1− mp0, 0
]
.
(20)
Since the PDFs of f|hp|2 (x) and f|hq|2 (y) have the same form,
following similar steps as that in the derivation of (18), we get
E
[
1+ γ¯Qqy
] = ∫ ∞
0
(
1+ γ¯Qqy
)
f|hq|2 (y)dy
= 1+ αqγ¯Qq
0
(
mq
)
β2q
G1,22,2
[−δq
βq
∣∣∣∣−1, 1− mq0, 0
]
.
(21)
To solve E
[√
1+ γ¯Qqy
]
, we first express
√
1+ γ¯Qqy in
terms of Meijer-G functions based on [31, eq. (10)] as(
1+ γ¯Qqy
)0.5 = 1
0 (−0.5)G
1,1
1,1
[
γ¯Qqy
∣∣∣∣ 1.50
]
. (22)
Then, with the aid of [32, eq. (2.6.2)], we get
E
[√
1+ γ¯Qqy
]
= αq
0 (−0.5) 0 (mq)βq
×G1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1.5; 1− mq
−−
0; 0, 0
 (23)
where G1,1,1,1,11,[1:1],0,[1:2][
·
· |· ] [33] is the generalized Meijer-G
functions with two variables, which can be computed with the
method proposed in [34]. By substituting (20), (21), and (23)
into (14), the desired result for the approximate expression of
I1 can be evaluated as (24) at the top of next page.
b: LOWER BOUND
Using Jesens inequality [35], we can express the lower bound
of I1 as
I1 ≥ log2
(
1+ eE
[
ln
(√
1+γ¯Qqy
)]
+ eE[ln(γ¯Qpx)]
)
(25)
where ln
(
1+ γ¯Qqy
)
[31, eq. (11)] can be written as
ln
(
1+ γ¯Qqy
) = G1,22,2 [γ¯Qqy ∣∣∣∣ 1, 11, 0
]
. (26)
Combining (2), (19), and (26) in conjunction with
[32, eq. (2.6.2)], we have
E
[
ln
(√
1+ γ¯Qqy
)]
= 0.5αq
0
(
mq
)
βq
×G1,2,1,1,11,[2:1],0,[2:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1, 1; 1− mq
−−
1, 0; 0, 0
. (27)
Further, using (2) along with [28, eqs. (9.14.1) and (4.352.1)],
E
[
ln
(
γ¯Qpx
)]
can be derived as
E
[
ln
(
γ¯Qpx
)] = ln γ¯Qp + αp ∞∑
k=0
(
mp
)
kδ
k
p
βk+1p
× [ψ (k + 1)− ln (βp)] (28)
where (x)k = 0 (x + k)
/
0 (x) [28] is the Pochhammer
symbol, ψ (·) [28, eq. (8.360)] is the Euler psi function.
Substituting (27) and (28) together into (25), the lower bound
of I1 can be straightforwardly obtained as shown in (29), as
shown at the top of the next page.
c: UPPER BOUND
According to the results reported in [35], I1 can be upper
bounded by
I1 ≤ log2
(
1+ E [γ¯Qpx]+ E [√1+ γ¯Qqy]). (30)
Since we have derived E
[√
1+ γ¯Qqy
]
by (23) and E
[
γ¯Qpx
]
by (20) with n = 1, the upper bound can be derived as (31),
as shown at the top of the next page.
2) RESULT FOR I2
To obtain I2, we express E
[
ln
(
1+ (1+ γ¯ y)−0.5)] into series
representations with [28, eq. (1.511)], i.e.,
E
[
ln
(
1+(1+ γ¯ y)−0.5
)]
=
∞∑
n=1
(−1)n+1E
[
(1+γ¯ y)−n2
n
]
.
(32)
Then, combining (2), (19), and (32) along with the help of
[31, eq. (10)] and [32, eq. (2.6.2)], we further obtain
I2 =
∞∑
n=1
αq(−1)n+1
n0 (0.5n) 0
(
mq
)
βq ln 2
×G1,1,1,1,11,[1:1],0,[2:1]

−δq
βq
γ¯
βq
∣∣∣∣∣∣∣∣
1
1− mq; 1− 0.5n
−−
0, 0; 0
. (33)
Finally, based on the above derived results, an approxima-
tion as well as the upper and lower bounds of (13) have all be
obtained.
B. ENERGY EFFICIENCY
In the LMS networks which powered by solar panels or bat-
teries, more reliable transmission is commonly achieved at
the expense of more transmission power consumed. However,
in practice, the recharge/discharge cycles of batteries are
limited even if the power supply is sufficient. In this case,
taking EE as a performance criteria is more meaningful than
considering transmission rate only. For the NOMA–based
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I1 ≈ log2 (e) ln
1+
αpγ¯Qp
0
(
mp
)
β2p
G1,22,2
[−δp
βp
∣∣∣∣−1, 1− mp0, 0
]
+ αq
0 (−0.5) 0 (mq)βqG1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1.5; 1− mq
−−
0; 0, 0

−
{
1+ αpγ¯
2Q2p
0
(
mp
)
β3p
G1,22,2
[−δp
βp
∣∣∣∣−2, 1− mp0, 0
]
+ αqγ¯Qq
0
(
mq
)
β2q
G1,22,2
[−δq
βq
∣∣∣∣−1, 1− mq0, 0
]
+ 2αpγ¯ αqQp
0
(
mp
)
β2p0 (−0.5) 0
(
mq
)
βq
G1,22,2
[−δp
βp
∣∣∣∣−1, 1− mp0, 0
]
G1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1.5; 1− mq
−−
0; 0, 0

−
 αpγ¯Qp0 (mp)β2p G1,22,2
[−δp
βp
∣∣∣∣−1, 1− mp0, 0
]
+ αq
0 (−0.5) 0 (mq)βqG1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1.5; 1− mq
−−
0; 0, 0


2
÷
2
1+ αpγ¯Qp0 (mp)β2p G1,22,2
[−δp
βp
∣∣∣∣−1, 1− mp0, 0
]
+ αq
0 (−0.5) 0 (mq)βqG1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1.5; 1− mq
−−
0; 0, 0


2
.
(24)
I1 ≥ Blog2
1+Exp
 0.5αq0 (mq)βqG1,2,1,1,11,[2:1],0,[2:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1, 1; 1− mq
−−
1, 0; 0, 0

+Exp
[
ln γ¯Qp+αp
∞∑
k=0
(
mp
)
kδ
k
p
βk+1p
[
ψ (·)−ln (βp)]]
.
(29)
I1 ≤ Blog2
1+
αpγ¯Qp
0
(
mp
)
β2p
G1,22,2
[−δp
βp
∣∣∣∣−1, 1− mp0, 0
]
+ αq
0 (−0.5) 0 (mq)βqG1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1.5; 1− mq
−−
0; 0, 0

. (31)
LMS networks, the EE [36] can be mathematically derived
as
ηEE = Rsys
ξPs + Pint (34)
where Rsys is the system sum rate, ξ > 1 is related to the
efficiency of power amplifier, Pint is the fixed power con-
sumption including circuit power and other overheads. In this
paper, we set Rsys = Cerg. Then, we can get ηEE = CergξPs+Pint .
C. OUTAGE PROBABILITY
The OP is defined as the probability that γj (j = p, q) falls
below a predefined threshold γth [37], which can be mathe-
matically expressed as
Pout (γth) = P
{
γj ≤ γth
} = Fγj (γth) (35)
where Fγj (·) is the cumulative distribution function (CDF) of
γj. To evaluate the OP performances of Users p and q, we first
derive the CDF of
∣∣hj∣∣2 with the aid of [28, eqs. (9.14.1) and
(3.381.1)] as
F|hj|2 (u) = αj
∞∑
k=0
(
mj
)
kδ
k
j
(k!)2βk+1j
γ
(
k + 1, βju
)
(36)
where γ (a, x) [28, eq. (8.354.1)] is the incomplete Gamma
function. Based on (36), we will derive the exact OP expres-
sions for NOMA users in the following:
1) THE OP OF USER p
From (10), the CDF of γp can be derived as
Fγp (γth) = P

∣∣hp∣∣2 ≤ γth
(√
1+ γ¯Qq
∣∣hq∣∣2 + 1)
γ¯Qp

=
∫ ∞
0
Fx
(
γth
(√
1+ γ¯Qqy+ 1
)
γ¯Qp
)
f|hq|2 (y) dy.
(37)
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By substituting (2) and (36) into (37), we can get
Fγp (γth) = αp
∞∑
k=0
(
mp
)
kδ
k
p
(k!)2βk+1p
×
∫ ∞
0
γ
(
k + 1, βpγth
(√
1+ γ¯Qqy+ 1
)
γ¯Qp
)
f|hq|2 (y) dy.
(38)
To solve the integral in (38), γ
(
k + 1, βpγth
(√
1+γ¯Qqy+1
)
γ¯Qp
)
can be expressed into series according to [28, eq. (8.354.1)]
as
γ
(
k + 1, βpγth
(√
1+ γ¯Qqy+ 1
)
γ¯Qp
)
=
∞∑
n=0
(−1)n
n!w
(
βpγth
γ¯Qp
)w w∑
t=0
(
w
t
)(
1+ γ¯Qqy
) t
2 (39)
where w = k + n + 1. To this end, by combing (39) and
(2) along with the help of [31, eq. (10)] and [32, eq. (2.6.2)],
Fγp (γth) can be calculated as
Fγp (γth)
= αp
∞∑
k=0
∞∑
n=0
w∑
t=0
(
w
t
) (mp)kδkp(−1)nαq
(k!)2βk+1p n!w0 (−0.5t) 0
(
mq
)
βq
×
(
βpγth
γ¯Qp
)w
G1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1+ 0.5t; 1− mq
−−
0, 0; 0
.
(40)
2) THE OP OF USER q
Since the PDFs of x and y have the same form, from (11),
we can derive the CDF of User q as
Fγq (γth)=P
{∣∣hq∣∣2 ≤ γth (γth+2)
γ¯Qq
}
=Fy
(
γth (γth+2)
γ¯Qq
)
.
(41)
After substituting (36) into (41), we have
Fγq (γth) = αq
∞∑
k=0
(
mq
)
kδ
k
q
(k!)2βk+1q
γ
(
k + 1, βq γth (γth + 2)
γ¯Qq
)
.
(42)
D. ASYMPTOTIC OP ANALYSIS AT THE HIGH SNR
Based on the studies reported in [38], the diversity order Gd
and coding gain Gc of the considered system can be easily
obtained by evaluating the asymptotic OP performance at the
high SNR regime, as
F∞γp (γth) ≈ (Gcγ¯ )−Gd . (43)
To evaluate the asymptotic OP performance, for simplicity,
we expand γ (a, x) into series and obtain
γ (a, x) =
∞∑
n=0
(−1)nxa+n
n! (a+ n) ≈
xa
a
|x→0 . (44)
Hence, by substituting (44) into (36), the CDF of
∣∣hj∣∣2 can be
approximated as
F∞|hj|2 (u) ≈ αju
∣∣
u→0 . (45)
Based on (45), we seek to derive the asymptotic OP expres-
sions for NOMA users as follows:
1) ASYMPTOTIC OP OF USER p
Substituting (45) into (37), we have
F∞γp (γth) ≈ αp
γth
γ¯Qp
∫ ∞
0
(√
1+ γ¯Qqy+ 1
)
f|hq|2 (y) dy.
(46)
With the help of [28, eq. (9.14.1)] and [31, eq. (10)], we get
F∞γp (γth) ≈ αp
γth
γ¯Qp
+ αp γth
γ¯Qp
∞∑
k=0
αq
(
mq
)
kδ
k
q
0 (−0.5) (k!)2βk+1q
×G1,22,1
[
γ¯Qq
βq
∣∣∣∣−k, 1.50
]
. (47)
To compute (47), we first expand G1,22,1
[
γ¯Qq
βq
∣∣∣∣−k, 1.50
]
into
series according to [28, eqs. (9.304) and (9.14.1)], as
G1,22,1
[
γ¯Qq
βq
∣∣∣∣−k, 1.50
] ∣∣
γ¯→∞
= 0 (k + 1) 0 (−k − 1.5)
(
βq
γ¯Qq
)k+1
+0 (−0.5) 0 (k + 1.5)
(
γ¯Qq
βq
)0.5
. (48)
Then, by putting (48) into (47), the asymptotic OP of User p
is given by
F∞γp (γth) ≈ αp
γth
γ¯Qp
+ 2αqαpγth
3γ¯ 2QpQq
+αpαqγth
∞∑
k=0
(
mq
)
kδ
k
q0 (k + 1.5)Q0.5q
(k!)2βk+1.5q Qp︸ ︷︷ ︸
I5
γ¯−0.5.
(49)
Despite the infinite sum expressions involved in I5, it can
be easily evaluated numerically, i.e., Qp = Qq = 1, I5 =
0.04 if User q undergoes heavy shadowing (HS) link, and
I5 = 4.33 if User q experiences average shadowing (AS) link.
Thus, at the high SNR regime, the third term of (49) has a
predominant effect on the asymptotic OP performance. So,
we can get F∞γp (γth) ≈ γthαpαqI5γ¯−0.5, and further obtain
the diversity order and coding gain for User p as, Gd = 0.5
and Gc =
(
αpαqγthI5
)−2.
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2) ASYMPTOTIC OP OF USER q
Similarly, by applying (45) in (41), the asymptotic OP of User
q can be written as
F∞γq (γth) ≈ αq
γth (γth + 2)
γ¯Qq
. (50)
Based on (50) and (43), one can immediately find out the
two performance metrics of User q as, Gd = 1 and Gc =[
αqγth (γth + 2)/Qq
]−1.
Interestingly, we find that the diversity order of User p
is smaller than that of User q. This phenomenon can be
explained by the fact that User p is served after the capacity
requirement of User q is satisfied, and the SINR of User p is
affected by the link quality of User q as shown in (10).
E. ASER
From [39], the ASER of wireless systems in terms of M-ary
phase shift keying (M-PSK) modulation can be written as
PjM−PSK =
1
pi
∫ pi− piM
0
Mγj
(
sin2
(
pi
/
M
)
sin2θ
)
dθ (51)
where Mγj (s) = E
[
e−sγj
]
is the moment generate function
(MGF) of γj. Since the closed-form expression of (51) is
intractable, we resort to [9] to approximate (51) as
PjM−PSK ≈
(
θM
2pi
− 1
4
)
Mγj
(
sin2
( pi
M
) (
sin2θ
)−1)
+1
4
Mγj
(
4
3
sin2
( pi
M
))
+
(
θM
2pi
− 1
6
)
Mγj
(
sin2
( pi
M
))
.
(52)
To analyze the ASER performance of NOMA users, we eval-
uate the MGFs of Users p and q as follows:
1) THE MGF OF USER p
From (10), the MGF of User p can be written as
Mγp (s) = E
[
e−sγp
]
=
∫ ∞
0
∫ ∞
0
e
− sγ¯Qpx√
1+γ¯Qqy+1 f|hp|2 (x) dx︸ ︷︷ ︸
I6
f|hq|2 (y) dy.
(53)
Inserting (2) into (53) along with [28, eqs. (9.14.1) and
(3.381.4)], I6 can be computed as
I6 = αp
∞∑
k=0
(mp)kδ
k
p0 (k+1)
(k!)2
(
sγ¯Qp√
1+γ¯Qqy+ 1
+βp
)−k−1
.
(54)
Substituting (2) and (54) into (53), along with binomial
theorem, [31, eq. (10)], and [32, eq. (2.6.2)], Mγp (s) can
be obtained as (55) at the bottom of the next page with
w = k + 1+ v.
TABLE 1. Satellite channel parameters [27].
2) THE MGF OF USER q
From (11), the MGF of User q can be computed as
Mγq (s) = E
[
e−sγq
] = es ∫ ∞
0
e−s
√
1+γ¯Qqyf|hq|2 (y) dy.
(56)
In order to compute the integral in (56), we first exploit
e−s
√
1+γ¯Qqy in terms of series expressions according to [28,
eq. (1.211.1)]. Then, with the aid of [31, eq. (10)], we obtain
e−s
√
1+γ¯Qqy =
∞∑
k=0
(−s)k
k!0 (− k2 )G1,11,1
[
γ¯Qqy
∣∣∣∣ 1+ 0.5k0
]
.
(57)
To this end, substituting (2), (19), and (57) into (56) along
with the help of [32, eq. (2.6.2)], we have
Mγq (s) =
αqes
0
(
mq
) ∞∑
k=0
(−s)k
k!0 (−0.5k)
×G1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1+ 0.5k; 1− mq
−−
0; 0, 0
. (58)
IV. NUMERICAL RESULTS
In this section, numerical results are provided to validate the
theoretical analysis and show the superiority of the proposed
NOMA-based strategy in the LMS network. Specifically,
the channel parameters depending on the referred shadowing
scenario for satellite links are given in Table I [27]. Moreover,
we set the carrier frequency to be 1.6 GHz, ϕp = 0.1◦,
ϕq = 0.6◦, ϕp3dB = ϕq3dB = 0.4◦, and Gp = Gq = 3.5 dBi,
Gs = 24.3 dBi, ξ = 2, and Pint = 50 W [7], [40]. The
label (LS/HS) denotes the link shadowing severity of User-p/
User-q.
Fig. 2 depicts the approximation as well as the upper and
lower bounds of the ergodic capacity versus γ¯ for various
shadowing effect of satellite links. As we clearly see, both
the upper and lower bounds are tight and match well with the
approximated curves across the entire γ¯ range. In addition,
we can see that a better ergodic capacity performance is
achieved when User p or User q experiences a better quality
of satellite link. This is an expected result since better links
correspond to more favorable conditions.
The comparison of ergodic capacity between the NOMA
and the TDMA schemes for different fading severities of
satellite links is plotted in Fig. 3. As shown in the figure, for
all cases, the ergodic capacity curves with the NOMA scheme
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FIGURE 2. The ergodic capacity versus the average SNR γ¯ for various
shadowing scenarios.
FIGURE 3. The ergodic capacity versus the average SNR γ¯ for different
multiple access schemes.
are superior to those with the TDMA scheme, particularly
at high γ¯ . The reason is that the NOMA scheme allows
user to use all frequency/time resources, while the TDMA
scheme only enables user to exploit frequency resource in
limited time slots. Moreover, we note that the superiority of
the NOMA scheme will be significantly degraded if the link
quality of User q improves, i.e., the capacity gap between
the NOMA and the TDMA in LS/AS is much smaller than
that in LS/HS. This is due to the fact that α2 gets smaller
for a better propagation condition of User q, which in turn
decreases the sum rate gapRgap as analyzed in Section II. This
observation is consistent with the statements made in [14]
and [15], that the superiority of the NOMA scheme increases
as the difference in channel gains between the NOMA users
is larger.
FIGURE 4. EE ηEE versus the average SNR γ¯ with various fading scenarios.
Fig. 4 shows the EE of the NOMA and the TDMA schemes
versus γ¯ for different shadowing scenarios. It can be seen
from Fig. 4 that for both multiple access schemes, EE curves
first significantly increase and then at certain point decrease
as γ¯ increases. The point occurs at a little higher γ¯ for a more
serious shadowing propagation of User p or User q. Besides,
for all cases, the EE of the two multiple access schemes
improves when User p or User q experiences a better shadow-
ing scenario. This is because a better shadowing propagation
from the satellite to the destination is corresponding to higher
ergodic capacity, which has been demonstrated in Fig. 2.
Meanwhile, we can clearly find that the EE curves obtained
through the NOMA schemes significantly outperform those
of the TDMA schemes, since higher ergodic capacity can be
achieved with the same amount of power consumption. This
observation indicates that the LMS system employing the
NOMA scheme can use the on-board energy more efficiently,
which is beneficial for a limited energy resources (solar panel,
battery pack), and can further provide an economic benefit
because smaller launch vehicles may be chosen.
In Figs. 5 and 6, the OP performances of Users p and
q are illustrated, respectively. As observed in those figures,
the analytical results computed by (33) and (35) agree well
with the Monte Carlo simulations, implying that the theo-
retical analysis can accurately evaluate the OP performance.
Meanwhile, the asymptotic curves calculated by (42) and (43)
match well with the analytical curves at the high SNR regime.
In addition, increasing the threshold γth from 1 to 3 dB, theOP
performances of bothUser p andUser q significantly degrade,
which indicates the significant impact of the threshold γth on
the OP performance. Interestingly, as shown in Fig. 5 and
Fig. 6, different OP performance can be obtained for various
Mγp (s) = αp
∞∑
k=0
∞∑
v=0
(−k − 1
v
) ∞∑
m=0
(−v
m
)(mp)kδkp0 (k + 1) (sγ¯Qp)vβ−wp αq
(k!)20 (−0.5m) 0 (mq)βq G1,1,1,1,11,[1:1],0,[1:2]

γ¯Qq
βq
−δq
βq
∣∣∣∣∣∣∣∣
1
1+ 0.5m; 1− mq
−−
0, 0; 0

(55)
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FIGURE 5. The OP of User p versus the average SNR γ¯ under different
values of γth and shadowing configurations.
FIGURE 6. The OP of User q versus the average SNR γ¯ under various
values of γth and fading configurations.
FIGURE 7. The ASER of User p for different fading scenarios in terms of
BPSK and 8PSK modulation schemes.
fading configurations of User q, i.e., a heavier shadowing
severity of User q obviously improves the OP performance of
User p, but degrades theOP performance ofUser q at the same
time, since γp given in (6) is increasing, while the γq given in
(7) is decreasing. This phenomenon suggests that we should
take into account the OP performance of the user with weaker
channel gain when forming a NOMA group. In particular,
by comparing those asymptotic OP curves in Figs. 5 and 6,
FIGURE 8. The ASER of User q for various shadowing scenarios in terms
of BPSK and 8PSK modulation schemes.
we can see that User p and User q experience different
diversity orders, which confirms the diversity order results
evaluated in section III. Furthermore, the deterioration of
shadowing severity does not impact the diversity order, but
it does degrade the OP performance of NOMA users in terms
of coding gain.
Figs. 7 and 8 present the ASER performances of User p and
User q with M-PSK modulation, respectively. Similar to the
case of the OP performance, a more severe shadowing link
of User q can apparently improves the ASER performance of
User p, but degrade that of User q.
V. CONCLUSION
In this paper, we have introduced the NOMA scheme in a
LMS network and investigated the performance of the consid-
ered system. Specifically, theoretical expressions for ergodic
capacity, EE, OP, asymptotic OP, and ASER performances
have been derived. Simulations have been provided to vali-
date those performance analyses and illustrate the effect of
key parameters such as fading parameters and user selec-
tion strategy on the system performance. Our findings have
demonstrated that the ergodic capacity and EE performances
of the considered system can be significantly improved com-
pared with the TDMA scheme, showing the benefits of apply-
ing the NOMA scheme to the LMS system. Moreover, when
the channel link quality of heavier shadowing user becomes
more serious, the ergodic capacity and EE performances of
the considered system can be further improved, but the OP
and ASER performances of the heavier shadowing user are
degraded. This phenomenon indicates that we should take
into account the superiority of the NOMA scheme and the
QoS requirement of user with worse shadowing when form-
ing a NOMA group.
APPENDIX
DERIVATION THE RANGE OF α
During the same time slots, the capacity of Users p and qwith
the TDMA scheme can be respectively calculated as
RTDMAp = 0.5 log2
(
1+ γ¯Qp
∣∣hp∣∣2) (59)
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and
RTDMAq = 0.5 log2
(
1+ γ¯Qq
∣∣hq∣∣2) . (60)
Assuming the capacity achieved by User p with the
NOMA scheme is better than that with the TDMA scheme,
we have
log2
(
1+αγ¯Qp
∣∣hp∣∣2) ≥ 0.5 log2 (1+γ¯Qp ∣∣hp∣∣2)
⇒ αγ¯Qp
∣∣hp∣∣2 ≥ √1+γ¯Qp ∣∣hp∣∣2−1
⇒ α ≥ 1
/(√
1+ γ¯Qp
∣∣hp∣∣2 + 1).
(61)
Similarly, assuming the capacity achieved by User q with the
NOMA scheme is better than that with the TDMA scheme,
we get
log2
(
1+ (1− α) γ¯Qq
∣∣hq∣∣2
αγ¯Qq
∣∣hq∣∣2 + 1
)
≥ 0.5 log2
(
1+ γ¯Qq
∣∣hq∣∣2)
⇒ αγ¯Qq
∣∣hq∣∣2√1+ γ¯Qq ∣∣hq∣∣2
≤ γ¯Qq
∣∣hq∣∣2 −√1+ γ¯Qq ∣∣hq∣∣2 + 1
⇒ α ≤ 1
/(√
1+ γ¯Qq
∣∣hq∣∣2 + 1). (62)
Finally, defining α1 = 1√
1+γ¯Qp|hp|2+1
and α2 =
1√
1+γ¯Qq|hq|2+1
, we obtain the desired range of α shown in (9).
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